The size and sensitivity of the T-cell repertoire governs the effectiveness of immune responses against invading pathogens. Both are modulated by T-cell receptor (TCR) activity through molecular mechanisms, which remain unclear. Here, we provide genetic evidence that the SH2/SH3 domain containing proteins Nck lower the threshold of T-cell responsiveness. The hallmarks of Nck deletion were T-cell lymphopenia and hyporeactivity to TCRmediated stimulation. In the absence of the Nck adaptors, peripheral T cells expressing a TCR with low avidity for self-antigens were strongly reduced, whereas an overall impairment of T-cell activation by weak antigenic stimulation was observed. Mechanistically, Nck deletion resulted in a significant decrease in calcium mobilization and ERK phosphorylation upon TCR engagement. Taken together, our findings unveil a crucial role for the Nck adaptors in shaping the T-cell repertoire to ensure maximal antigenic coverage and optimal T cell excitability.
T he interaction between the T-cell receptor (TCR) and antigenic peptides presented in the context of self-major histocompatibility complex molecules (pMHC) is central to lymphocyte differentiation, maintenance of the peripheral T-cell pool, and acquisition of effector functions. Qualitative and quantitative gauging of TCR engagement shapes the responses of T cells throughout their entire life cycle.
In peripheral lymphoid organs, recurrent TCR engagement by self-pMHC complexes is required for maintaining the naïve T-cell pool, through enhanced T-cell survival and increased homeostatic expansion (1) , and for shaping the threshold of T-cell responsiveness (2, 3) . The strength of TCR interaction with self-pMHC regulates peripheral expansion of a given T-cell clone and balances its frequency within the peripheral T-cell repertoire (1) .
Active proliferation and terminal differentiation of T lymphocytes into effector cells is triggered by recognition of foreign antigens in the presence of costimulation (4) . The potency of TCR/ pMHC interactions plays a crucial role in modulating T-cell expansion and exit from the lymphoid organs, as well as contraction of the activated T-cell pool (5) . In a molecular mimicry model of autoimmunity, immunization with a virus expressing a lower affinity variant of the autoantigen failed to trigger autoimmunity (6) . Therefore, the molecular mechanisms enhancing TCR signal potency may regulate the efficiency of immune responses, and may control their switch from harmless to harmful.
Here, we demonstrate that Nck proteins may orchestrate such a mechanism. The Nck proteins are a highly homologous and widely expressed family of adaptor molecules that contain three N-terminal Src homology (SH) 3 domains and a single C-terminal SH2 domain (7) . Most mammalian cells contain two homologs: Nck1 and Nck2. In mice, targeted deletion of Nck1 or Nck2 demonstrates no obvious phenotype, suggesting functional redundancy of the two molecules. However, deletion of both Nck molecules results in very early embryonic lethality due to defects in mesoderm derived structures, showing the crucial role of Nck in mammalian development (8) .
In several cell types, the Nck proteins link phosphotyrosine signals to actin cytoskeleton remodeling (9) (10) (11) . Nck couples receptor tyrosine kinases (RTKs) or tyrosine phosphorylated docking proteins, to proteins controlling actin cytoskeletal reorganization, such as the Wiskott-Aldrich syndrome protein (WASP), WAVE-1, and the p21 activated kinase (PAK). Their ability to bind to CD3ε (12) and SLP-76 (13) is compatible with their involvement in the TCR signaling apparatus. In T lymphocytes, biochemical (13) and live colocalization (14) analyses indicate that the Nck adaptors are recruited through their SH2 domain to phosphorylated SLP-76, forming a trimolecular complex of Vav/SLP-76/Nck, involved in actin cytoskeletal rearrangement. Binding of the first SH3 domain of Nck to CD3ε from lysates of activated, but not resting Jurkat T cells, suggests that this interaction depends on a conformational change of CD3ε that exposes its proline-rich sequence (PRS) (12) upon TCRαβ engagement. However, deletion of the CD3ε.PRS (15-17) had no effect on the peripheral T-cell compartment, questioning the proposed mechanism of Nck regulation in mature T cells.
Despite these biochemical studies, the exact role of the Nck adaptors in peripheral T-cell activation remains elusive. In this study, a conditional genetic model was used to selectively delete both Nck adaptors in the T-cell compartment. This model was used to investigate the role of Nck in TCR signal strength in two TCR transgenic models, the HY-TCR (18) and P14-TCR (19) transgenic mice, which differ in their functional properties, as a result of their intrinsic TCR avidity for self antigens (20, 21) .
We found that Nck deletion resulted in a severe T-cell lymphopenia, which was particularly profound in mice expressing a transgenic TCR with low avidity to self antigens, and in an overall loss of T-cell reactivity to weak antigenic stimulation. The hyporesponsiveness of Nck-deficient T cells was associated with reduced calcium mobilization and ERK phosphorylation upon TCR engagement. Taken together, our findings demonstrate that the Nck adaptors are required for optimal T-cell activation and point toward their pivotal role in fine-tuning the threshold of T-cell reactivity and shaping the T-cell repertoire.
Results
Targeted Deletion of the Nck Adaptors in Developing and Mature T Cells. To obtain deletion of both Nck adaptors in the T-cell compartment, Nck1
−/− (8) and Nck2 flx/flx (10) mice were crossed to Lck-Cre transgenic mice (22) . The resulting Lck-Cre × Nck1
Nck2
flx/flx mouse strain will be referred to as Nck.T −/− (see SI Methods for details of experimental and controls animals). The selective expression of the Cre recombinase in T cells (Fig. S1 ) resulted in a highly efficient Nck2 deletion in peripheral T cells (Fig. S2A) , as assessed by RT-PCR. At the protein level, Nck2 was not detectable in mature T cells from Nck.T −/− mice (Fig. S2B ).
Nck.T −/− Mice Are Lymphopenic and Hyporesponsive to TCR-Mediated Stimulation. Nck.T −/− mice were lymphopenic and characterized by a 50% decrease in peripheral CD4 + and CD8 + T cells (Fig. 1A) , compared with Nck.T +/+ controls. The surface levels of CD3ε, TCRβ, and CD62L remained unaltered in Nck-deficient T cells (Fig. S3C) , whereas CD44 expression was significantly increased (Fig. 1B and Fig. S3 A and B) , possibly as a result of lymphopeniadriven homeostatic proliferation (23) . To assess whether the reduction in the number of Nck-deficient mature T cells was due to the selective depletion of T cells expressing specific TCR Vβ chains, we analyzed by flow cytometry CD4 + and CD8 + T cells from Nck.T −/− and Nck.T +/+ mice. Our findings indicate that Nck deletion did not induce any significant alterations in the frequency of a large set of Vβ chains in peripheral T cells (Fig. S4) .
To test the functional properties of Nck-deficient T cells, we assessed their in vitro responsiveness to various stimuli, including plate-bound anti-CD3ε, the combination of anti-CD3ε/anti-CD28, and PMA/ionomycin. Nck-deficient T cells failed to respond to anti-CD3ε stimulation ( Fig. 2A) . In contrast, we found no alterations in the response to the stimulation by PMA and ionomycin (Fig. 2B) , which, bypassing the TCR signaling machinery, induces RasGRP activation and intracellular calcium mobilization. Interestingly, CD28 costimulation rescued CD3-mediated proliferation of Nck-deficient T cells in a dosedependent fashion (Fig. 2C ). This compensatory effect was not due to proliferation of a rare T-cell subset harboring nondeleted Nck2 allele(s), but to expansion of bona fide Nck-deficient T cells, as determined by semiquantitative RT-PCR (Fig. 2E) . Interestingly, the impairment of Nck-deficient T-cell responses to TCR-mediated stimulation was associated to a reduction in the expression of the high-affinity IL-2 receptor (CD25; Fig. S5 ) and to the levels of IL-2 present in the T-cell culture supernatant (Fig. 2D) . Thus, Nck deletion induces T-cell lymphopenia and a selective impairment of TCR-driven T-cell proliferation, which can be rescued by CD28 costimulation or bypassing the TCR signaling apparatus.
Nck Adaptors Are Differentially Required for Low-and High-Avidity T Cells. The peripheral repertoire comprises T cells that differ in their homeostatic and functional profiles as a result of their intrinsic avidity for self-pMHC complexes (1) . To assess the effect of Nck deletion on T cells of different TCR signal strength, we exploited two TCR transgenic systems. The HY-TCR transgenic model (18) is characterized by high receptor editing, low homeostatic proliferation (21) , and strong susceptibility to mutations of the TCR signaling apparatus (20) and was therefore chosen to exemplify T cells with low TCR avidity for self pMHC; in contrast, P14-TCR transgenic mice (19) exhibit low receptor editing, high homeostatic proliferation, and resistance to mutations of the TCR/CD3 complex (20) , and were selected as a model for T cells with high TCR avidity for self pMHC.
HY-TCR.RAG . Despite the possibility of producing T cells with different specificities through TCRα chain recombination, P14-TCRα T β T T cells were strongly predominant in the peripheral repertoire and did not exhibit any alterations in the levels of TCRα T expression or CD8 (Fig. 3D Right) .
Taken together, our data point toward a stringent requirement of the Nck adaptors for the inclusion of low-but not high-avidity T cells in the peripheral T-cell repertoire.
Reduced Reactivity of Nck-Deficient T Cells to Weak Antigenic Stimulation. To investigate the role of Nck in T-cell responsiveness to stimuli of different strengths, CD8 + T cells from female HY RAG Nck.T −/− and Nck.T +/+ mice were challenged with dendritic cells presenting peptides of various affinity-notably, the agonist HY, the hyperagonist C2A, the weak agonist K1A (24) , and the H-2D b -binding "null" peptide gp33. Nck-deficient HY-TCR T cells failed to respond to the HY and K1A peptides, whereas they vigorously proliferated upon stimulation with the C2A hyperagonist (Fig. 4 A and B) . The reduced proliferation of Nck-deficient HY-TCR T cells to the HY peptide was associated with an increase in the percentage of FSC low cells, which, according to Topro3 staining, were apoptotic or no longer viable (Fig. S6) .
In contrast, Nck-deficient P14-TCR T cells did not display any alterations in their proliferative responses to dendritic cells 4C ) to low (1 μg/mL) but not high doses of anti-CD3ε (10 μg/ mL). In contrast, the low-affinity HY-TCR T cells failed even to respond to high doses of anti-CD3ε stimulation (Fig. 4 A and B) . Thus, two points emerge from these observations: first, the Nck adaptors endow the entire T-cell repertoire with enhanced sensitivity to TCR-mediated stimulation; second, their deletion unveils a difference in the threshold of activation by TCRmediated stimuli of low-and high-affinity T cells.
TCR Internalization and "Capping" Are Not Altered in the Absence of Nck. Optimal T-cell activation requires actin cytoskeleton remodeling and immune synapse (IS) formation. Because the Nck adaptors regulate actin cytoskeleton in a number of different cell types (7), we tested the efficiency of TCR internalization and "capping," both dependent on actin cytoskeleton remodeling, in T cells from Nck.T −/− and Nck.T +/+ mice. The kinetics and efficiency of TCR internalization (Fig. S7A ) and "capping" (Fig. S7B) were comparable in the presence/absence of Nck, as assessed by phalloidin staining, followed by flow cytometric or microscopic analyses. Thus, the Nck adaptors seem to be dispensable for actin cytoskeleton rearrangement in T cells stimulated by TCRmediated stimulation. conformer of CD3ε, accessible to Nck binding. APA1/1 staining of freshly isolated peripheral T cells revealed a low but significant "accessibility" of this region to Nck binding under resting conditions (Fig. 5A Left) , unmodified by TCR engagement (Fig.  5A Right) , similarly to previously reported findings (17). Interestingly, Nck deletion did not modify the pattern of APA1/1 staining (Fig. 5A Lower) , indicating that Nck is not required for exposure of CD3ε.PRS epitope in mature resting T cells.
TCR-mediated stimulation results in the activation of protein tyrosine kinases (PTKs), which associate with the CD3 and TCRζ subunits. Crucial signaling events include tyrosine phosphorylation of enzymes and adaptor proteins by members of the Src kinases (Lck), Syk kinases (ZAP-70), Tec (Itk), and Csk families of nonreceptors PTKs (25) . The overall pattern of TCR-mediated tyrosine phosphorylation was similar in Nck.T +/+ and Nck.T −/− mice ( Fig. S8) , although some differences in the levels of phosphorylation could be identified and are currently under investigation. Production of IP 3 and DAG, respectively, results in Ca 2+ mobilization and activation of the Ras/MAPK pathway, which are essential for T-cell proliferation, cytokine production, and terminal differentiation (25) . Indo-1 staining and flow-cytometric analysis revealed that Ca 2+ mobilization was impaired upon TCR-mediated stimulation in Nck-deficient T cells (Fig. 5B) . Activation of ERK1/2 was assessed by flow cytometry on Nck.T −/− and Nck.T +/+ peripheral T cells, using phosphospecific Abs, recognizing the active forms of ERK1 and ERK2. Phosphorylation of ERK1/2 was reduced upon activation of Nck-deficient T cells (Fig. 5C Left) . In contrast, the levels of p38 phosphorylation induced by TCR cross-linking were comparable in the presence/ absence of Nck (Fig. 5C Right) . Loss of Nck function did not alter the kinetic of Akt phosphorylation upon TCR-mediated stimulation (Fig. S9) .
Thus, our findings point toward a crucial role of the Nck adaptors in regulating key molecular events leading to T-cell stimulation with low (1 μg/mL, P < 0.0001, Left) and high (10 μg/mL, P = 0.003, Right) doses of anti-CD3ε compared with Nck.T +/+ controls (n = 6). At low doses of anti-CD3ε, low doses of anti-CD28 failed to rescue Nck-deficient T-cell proliferation (1-2.5 μg/mL, P < 0.005). At high doses of anti-CD3ε, Nck-deficient T-cell proliferation was restored by lower doses of anti-CD28 (1 μg/mL, P < 0.001; anti-CD28 > 2.5 μg/mL, P = n. cytokine production and proliferation-notably, TCR-mediated calcium mobilization and ERK1/2 phosphorylation.
Discussion
Our data establish a previously unrecognized function of the Nck adaptors as positive regulators of the size and sensitivity of the Tcell repertoire. The powerful combination of a conditional genetic approach with two different TCR transgenic models provides compelling evidence that the Nck adaptors are crucial regulators of the basal activity and TCR-mediated response of mature T cells. Indeed, loss of Nck function affected (i) the number of mature T cells, (ii) the presence of low-avidity T cells in the peripheral repertoire, (iii) the sensitivity of the entire T cell repertoire to antigenspecific stimulation, and (iv) the levels of ERK phosphorylation and intracellular calcium mobilization upon TCR engagement. How do the Nck adaptors affect the composition of the peripheral T-cell repertoire? A preliminary analysis of the phenotype and TCR Vβ usage of Nck-deficient T cells did not reveal any significant defect. Thus, we focused our attention on the potential effects of the Nck adaptors on TCR signal strength. To this end, we exploited two TCR transgenic models, the HY-and P14-TCR systems, which differ in their avidity for endogenous ligands and in their respective "fitness" for positive selection in the thymus, survival and homeostatic expansion in the periphery. These models enabled us to demonstrate that the Nck adaptors are selectively required for inclusion of low-avidity T cells in the peripheral T-cell repertoire. Indeed, whereas the number and proportion of peripheral P14-TCR T cells remained unchanged upon Nck deletion, low-avidity HY-TCR T cells were drastically reduced in Nck.T females compared with their proportion in the CD8 single positive thymocytes, ready to be exported in the periphery, is compatible with the hypothesis that the Nck adaptors enhance the "fitness" of low-avidity T cells in the periphery and that, in the absence of Nck, peripheral events lead to loss of HY-TCR T cells. Thus, it is tempting to speculate that loss of low-avidity T cells may be a major factor in the pathogenesis of lymphopenia in Nck.T −/− mice. Several lines of evidence suggest that the recurrent interaction of peripheral T cells with self-ligands is necessary for their survival, homeostatic expansion (1), and readiness to respond to incoming stimuli (2, 3) . Adoptive transfer experiments will clarify to which extent the Nck adaptors are involved in low-avidity T-cell survival and homeostatic expansion.
Previous studies conducted on mice deprived of the CD3ε.PRS clearly indicated that abrogation of the putative in vivo interaction between Nck and the CD3ε.PRS did not affect the number and function of peripheral T cells (15, 16) . Thus, at the molecular level, the impact of the Nck adaptors on peripheral T-cell functions may be mediated by their interaction with other binding partners. A candidate of major interest is the adaptor SLP-76, because biochemical (13) and live colocalization (14) analyses have shown the in vivo formation of a trimolecular complex SLP-76/Vav1/Nck, leading to WASP recruitment and actin cytoskeleton rearrangement. The phenotype of Nck.T −/− shares a number of aspects with those of Vav1 −/− (26, 27) and WASP −/− (28, 29) mice-namely, the thymic and peripheral T cell lymphopenia and the T cell hyporeactivity. These similarities suggest that the interaction of Nck with SLP-76/Vav may be crucial in naïve T cells. The lack of gross alterations in actin cytoskeleton remodeling is reminiscent of WASP −/− T cells (30) . In this scenario, a thorough analysis of the dynamic events underlying immune synapse formation, symmetry breaking, and reformation (31) warrants further investigation. Our study has uncovered an essential role for the Nck adaptors in antigen-specific T-cell responses. Nck-deficient T cells failed to proliferate upon stimulation with low-but not high-affinity peptides and could be rescued by CD28 costimulation. Selective TCR tickling of Nck-deficient T cells revealed an overall reduction in T-cell excitability, with a more drastic decline in low-avidity T cells.
The differential requirement for Nck in low-versus high-avidity T cells and the unmodified response of Nck-deficient T cells to stimulation with PMA/ion suggest involvement of Nck in proximal TCR signaling. Experiments conducted on thymocytes (17) and in vitro "differentiated" effector T cells (16) 
HY-TCR.NckT
−/− (n = 6) and Nck.T +/+ (n = 7) females were stimulated with anti-CD3ε (10 μg/mL, Right) or with D1 dendritic cells loaded with peptides of different affinitynamely, the hyperagonist C2A, the agonist HY, the weak agonist K1A, and the "null" peptide gp33. In the CFSE/FSC dot plots, the gates define actively proliferating cells (FSC   high   CFSE which controls both pathways through the production of IP 3 and DAG, warrants further investigation.
How is the Nck activity turned "on" in T cells? One possibility is that it may be activated by weak TCR/pMHC interactions; alternatively, it may be triggered by TCR occupancy per se, but major functional effects may only emerge in proximity to a biological threshold. Finally, Nck may endow T cells with a basal level of activity, a basal "tone," which enhances their sensitivity to low potency antigenic stimuli. In conclusion, our data point toward a crucial role of the Nck adaptors in enhancing TCR signal potency, thereby allowing optimal responsiveness to weak antigenic simulation and maximal antigenic coverage, through inclusion of low-avidity T cells in the T-cell repertoire.
Methods
Antibodies. For FACS staining, all monoclonal antibodies (mAbs) were purchased from BD Pharmingen, except those recognizing the HY-TCRα chain (T3.70; CliniSciences) and the CD3ε.PRS (APA1/1; Upstate). In cell signaling studies, short-term T-cell stimulation was induced upon cross-linking of biotinylated anti-CD3ε (500A.2) and anti-CD8α (53-6.7).
Flow Cytometry. Surface staining was carried out according to standard procedures. In cell signaling studies, Alexa Fluor 647-conjugated antibodies specific for pERK (Cell Signaling 137F5) or phospho-p38 (Cell Signaling 28B10) were used for intracellular staining, according to the manufacturer's instructions. Intracellular Ca 2+ flux was assessed by Indo-1 (5μM; Molecular Probes) staining, as a change in the ratio of bound/ unbound Indo-1 fluorescence. Baseline Ca 2+ flux was assessed at 37°C for 1 min. Cells were then treated with biotinylated anti-CD3ε (10 μg/mL; 1 min), followed by crosslinking with streptavidin (20 μg/mL; Sigma) and measurement of Ca 2+ flux for 10 min. Ionomycin (100 ng/mL) was added and Ca 2+ flux measured (2 min), as positive control. Data were acquired on a FACSVantage (BD). Four-color FACS samples were acquired on a FACSCalibur (BD); eight-color FACS samples were acquired on an LSRII (BD), using Diva acquisition software. Data analysis was performed with FlowJo (Tree Star).
In Vitro T-Cell Proliferation. Lymph node T cells were purified by magnetic cell sorting (Dynal) and activated by plate-bound αCD3 (145-2C11; 1-10 μg/mL) with or without αCD28 (37.51; 1-10 μg/mL), or PMA (20 ng/mL; Sigma)/calcium ionophore (A23187, 100 ng/mL; Sigma). T-cell assays were carried out in 96-well plates for 48-72 h at 37°C, 5% CO 2 . Supernatants were harvested and IL-2 was quantified by ELISA (R&D Systems ELISA kit).
Peptide-specific responses were assessed in cocultures with D1 dendritic cells (20:1 ratio) (a generous gift of P. Ricciardi-Castagnoli). Upon activation with LPS (1 μg/mL; 12-16 h), D1 cells (2 × 10 6 cells per mL) were incubated with the following peptides (10 μg/mL, 3 h): HY (KCSRNRQYL), C2A (KASRNRQYL), and K1A [ACSRNRQYL (24) ] or lymphocytic choriomeningitis gp33 (KAVYNFATC). T-cell proliferation was assessed by [ 3 H]TdR (1 μCi per well) incorporation or CFSE staining (0.5 μM; Invitrogen).
Western Blotting. Short-term stimulation of freshly isolated thymocytes was induced by incubation with αCD3ε (500A.2)/αCD8α (53-6.7; 10/10 μg/mL), followed by cross-linking with streptavidin (20 μg/mL). Cells were lysed in buffer containing 0.5% Nonidet P-40, 150 mM NaCl, 20 mM Tris·HCl (pH 7.6), 1 mM EDTA, 1 mM EGTA, 1 mM β-glycerophosphate freshly supplemented with protease inhibitors (Roche), 1 mM NaF, 1 mM Na 3 VO 4 , and 1 mM okadaic acid. Abs specific for phospho-Akt (Cell Signaling 587F11), Akt (Cell Signaling), and phospho-tyrosine (4G10 Platinum; Millipore) were used according to standard procedures.
Statistics. All two-group comparisons were performed with the exact Wilcoxon rank-sum test using SAS (Version 9.1; SAS Institute). In the graphs, P < 0.05 is indicated as significant (*) and P < 0.001 as highly significant (**).
